Abstract-To ensure the high performance of graphene-based field effect transistors (GFETs) on flexible substrates, an uniform and manufacturable dielectric film with good electrical properties is needed. Thus, electrical characterization of the dielectric film on graphene on flexible substrates is very important for the development of flexible electronics based on GFETs. Here, we have fabricated and characterized parallel-plate capacitor test structures consisting of 35 nm thick Al2O3 dielectric film and with graphene as bottom electrode on polyethylene terephthalate (PET). It was found that the leakage current density in the Al2O3 film is less than 100 μA/cm 2 at 5 V, which allows for applying it as a gate dielectric in GFETs on flexible substrates. The extracted dielectric constant of the Al2O3 film is approx. 7.6, which is close to the bulk value and confirms the good quality of the Al2O3 film. Analysis indicates that the measured loss tangent, which is up to 0.2, is governed mainly by the dielectric loss in the Al2O3 and can be associated with defects from the Al 2 O 3 film and the Al2O3/graphene interface. Our results will be used in further development of GFETs on flexible substrates.
I. INTRODUCTION
Graphene, a two-dimensional sheet of carbon atoms arranged in a honeycomb lattice [1] , has recently emerged as an interesting material for flexible electronics due to superb electrical properties, combined with chemical stability and mechanical flexibility [2] . Graphene-based field effect transistors (GFETs) are one of the primary components used in electronic circuits, which have developed rapidly in recent years [3] . In particular, GFETs have great potential for flexible and stretchable devices due to their excellent mechanical flexibility [4] , opening up a variety of promising applications in flexible electronics [5] . To ensure the high performance of GFETs on flexible substrates, an uniform and manufacturable dielectric film is needed for efficient charge injection into the graphene channel [6] and direct reduction of impurity scattering at the dielectric/graphene interface [7] . Al 2 O 3 is a widely used insulating material for gate dielectric, due to its excellent dielectric properties, strong adhesion to many materials, and thermal and chemical stabilities. However, the properties of the Al 2 O 3 film on graphene are very sensitive to growth conditions [8] . Thus, techniques to characterize the electrical properties of the dielectric film on graphene on flexible substrates are very important for the development of flexible electronics based on GFETs. To the best of our knowledge, no studies have been reported on this so far. In this work, we have developed Al 2 O 3 capacitor test structures with graphene as bottom electrode on flexible substrate with only one step photolithography and characterized the electrical properties of the Al 2 O 3 film.
II. DEVICE MODEL
Top and cross sectional views of a test structure are shown in Fig. 1 (a) and (b) . The white region in Fig. 1 (a) is where the top metal is removed. a and b are inner electrode radius and ring radius, respectively. The equivalent circuit of the structure based on the parallel capacitance model [9] is shown in Fig. 1 (c) . Since the area of the outer electrode is much larger than that of the inner electrode, the capacitance of the outer capacitor (C o ) is much larger than that of inner (C). Similarly, both the parallel leakage resistance (R opl ) and the parallel dielectric resistance (R opd ) of the outer capacitor are much smaller than that of the inner. Therefore, C o , R opl and R opd are negligible. R s is the series resistance of graphene. To measure R s in the same conditions as the capacitance measurement, we use the same probe to punch through the dielectric, as shown in Fig. 1 (d) . This may cause point contact with larger contact resistance, with which we got the maximum value of R s . R ipl is the parallel leakage resistance of the inner capacitor, which can be deduced from the measurement of leakage current. R ipd is the parallel dielectric resistance of the inner capacitor, which is mainly caused by the defects from the Al 2 O 3 film and the Al 2 O 3 /graphene interface [10] .
Based on the parallel capacitance model in ref. 9 , the loss tangent can be expressed as
where tan δ s = ωCR s is the loss tangent of the series resistance, tan δ ipl = 1/(ωCR ipl ) is the loss tangent of the parallel leakage resistance, tan δ ipd = 1/(ωCR ipd ) is the loss tangent of the parallel dielectric resistance and tan δ PET ranging from 1×10 −4 to 5×10 −4 is the loss tangent from polyethylene terephthalate (PET) substrate.
III. DEVICE DESIGN AND FABRICATION
The graphene supplied from Graphenea Company was grown by chemical vapor deposition (CVD) and transferred on PET flexible substrate. The dielectric film was formed by natural oxidation of 3 nm thick Al followed by 30 nm thick Al 5/100 nm) is then patterned into suitable test structures by photolithography evaporation.
The microphoto of the test structures on PET is shown in Fig. 2 . The dark ring region on the pattern is where the top metal is lifted off. The difference between the two capacitors is that the left one is with graphene under the dielectric film, while the right one is without. The ripples of the outer electrode on the left can be associated with delamination at graphene/PET interface due to strain caused by the large outer electrode area. The relatively inner electrodes with smaller area remain intact. Our previous results indicate that there is no delamination of GFET structures with typical total dimension within 100 × 100 μm 2 . 
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
The leakage current of the test structures is measured using a Keithley 2604B SourceMeter. The capacitance and loss tangent of the test structures are measured using a HP 4285A LCR Meter at 1 MHz frequency.
The leakage current density versus gate voltage of a test structure is shown in Fig. 3 . The leakage current is attributed to a combination of tunneling current and charging current. It is less than 100 μA/cm 2 when the gate voltage is 5 V, which is negligible compared to drain current in GFETs and photocurrent in terahertz detectors based on GFETs [11] . The breakdown electric field is about 5 mV/cm, which is similar to reported Al 2 O 3 ALD films on silicon [12] . Thus, we can apply the Al 2 O 3 as gate dielectric in GFETs on flexible substrates. As the dielectric voltage is swept from negative to positive (-7 V to 7 V) and back (7 V to -7 V), a pronounced hysteresis is observed except for low voltages where the leakage current is determined by the thermal noise current, which is caused by charging current [13] . The measured capacitance versus area of the inner electrode is shown in Fig. 4 . The dielectric constant can be calculated from the measured capacitance based on the parallel-plate capacitor model, r = Ct/ 0 A. Here r is the dielectric constant of the dielectric film, 0 is the permittivity of freespace and A = πa 2 is the area of the inner electrode. The capacitance increases linearly with the increase of inner electrode area while the dielectric constant is stable. The dielectric constant is approx. 7.6, which is sightly less than the bulk Al 2 O 3 dielectric constant ranging from 8 to 10 [14] . This may be caused by the series quantum capacitance of graphene, or the deviations of the Al 2 O 3 thickness. The result confirms the good quality of the Al 2 O 3 dielectric film. The tan δ tot in the gate dielectric of GFETs is correlated to the carrier mobility in graphene. The carrier mobility increases sharply with the decrease of tan δ tot [15] . The measured tan δ tot , simulated tan δ s and tan δ ipl versus area of the inner electrode are shown in Fig. 5 , in which tan δ PET is negligible. tan δ s is calculated with the capacitance density and R s being 200 pF/cm 2 and 1000 Ω, respectively. Similarly, tan δ ipl is calculated when capacitance density is 200 pF/cm 2 and the parallel leakage resistance density is 1×10 Furthermore, we have fabricated GFETs with Al 2 O 3 as gate dielectric with the growth processes as mentioned above on PET substrate. The loss tangent of GFETs was calculated using the reflective coefficient measured by an Agilent N5230A vector network analyzer without drain bias [9] . The measured loss tangent of a GFET versus frequency is shown in Fig. 6 . The linear increase of measured loss tangent with the increase in frequency indicates that the series resistance dominates measured loss tangent. The series resistance consists of the access resistance and the metal/graphene contact resistance. Thus, a possible path to improve performance of high frequency GFETs is to reduce the series resistance based on perfecting the design and fabrication process. The series resistance can be extracted from the real part of the measured input impedance [9] . Hence, the corresponding loss tangent of series resistance can be subtracted from the total loss tangent. The de-embedded loss tangent is shown in Fig. 6 . As the loss from the PET substrate is negligible, the de-embedded loss tangent represents the dielectric loss in the Al 2 O 3 film. The maximum in the frequency dependence of the de-embedded loss tangent can be explained by relaxation of the polarization associated with defects.
V. CONCLUSION
In conclusion, the electrical properties of Al 2 O 3 gate dielectric has been characterized based on parallel-plate capacitor test structures consisting of 35 nm thick Al 2 O 3 and graphene as bottom electrode on PET. The results show that the leakage current density in Al 2 O 3 is less than 100 μA/cm 2 at 5 V and the dielectric constant of the Al 2 O 3 film is approx. 7.6. This confirms the good quality of the dielectric and allows for applying it as a gate dielectric in GFETs on flexible substrates. The loss tangent of the Al 2 O 3 film is governed mainly by the loss from defects. Our work will allow better understanding and promote further development of GFETs on flexible substrates.
